SUMMARY: In molecular astrophysics, the Franck-Condon (FC) factors and r-centroids are essential for the interpretation of spectral intensities in terms of emitting astrophysical source conditions. They have been evaluated for the band systems a 3
INTRODUCTION
Carbon monosulphide (CS) is the first molecule containing sulphur that has been detected in interstellar space (e.g. Jefferts et al. 1971) . It has been found in molecular clouds (e.g. Williams et al. 1998) , planetary nebulae (e.g. Woods et al. 2005) , circumstellar envelope of C-type stars (e.g. Nyman 1992, Woods et al. 2003) , solar photosphere (e.g. Singh et al. 1987 , Sinha 1978 , other galaxies (e.g. Martin et al. 2005 ) and its production was also observed in the collision of Comet Shoemaker-Levy 9 with Jupiter (e.g. Kaiser et al. 1998) . With the help of IUE satellite, the (0,0) band of CS at 2576Å has been observed in many comets (e.g. Yeomans 1991) . The radical CS also has been clearly identified in cometary ices (e.g. Crovision et al. 2000) .
In the field of atmospheric and space physics, CS molecule plays a vital role in the atmospheric reactions. For instance, in the production of atmospheric carbonyl sulphide (OCS), CS may be a possible source for the stratospheric sulphate aerosol layer which influences the earth's climate (Deutscher et al. 2006) .
Reliable molecular data on the diatomic molecules of astrophysical interest are required for the models of photon-driven physical and chemical processes and for the models of the steady state properties of astronomical objects that absorb or emit photons. In this way, the molecular parameters like dissociation energies, potential energy curves, Franck-Condon (FC) factors and rcentroids etc., are essential for estimating the molecular abundances and for understanding the physicochemical conditions of the emitting sources. Particularly, the concept of r-centroid has been much used since then in the interpretation of intensity measurements on many band systems of importance in astrophysics, atmospheric physics, space physics and chemical physics to determine the variation of electronic transition moment with internuclear separation, and thereby to derive band strengths, and other molecular transition probability parameters (Nicholls et al. 2001) . Hence, the evaluation of FC factors and r-centroids of astrophysically significant diatomic molecules is very important.
Up to the present, there has been no report in the literature on the FC factors and r-centroids for d -X, e -X, A -X and d -a band systems of CS molecule. For the a -X system of CS molecule, Reddy et al. (2003) have already reported the FC factors. However, their reported values were evaluated by an unsafe method and therefore, we have evaluated the FC factors and r-centroids for the a -X system too.
THEORY
The integrated intensity of each band in a system corresponding to transitions between two electronic states of a diatomic molecule is proportional to the square of an integral of wave functions of vibrational states, simply called FC factor (q v v ). 
As widely known, the electronic transition moment is given by
where µ is the electronic transition dipole moment, ψ e and ψ e are the electronic wave functions of the states. As already mentioned in the introduction, the r-centroids are useful in the determination of variation of electronic transition moment R e (r) which can be determined by fitting a straight line between
v v andr v v , where I v v is the intensity of the band, E is the energy quantum. The band strengths then can be obtained using the formula
By calculating the relative band strengths, one can measure the vibrational temperature of the emitting source (e.g. Rajamanickam 1987 and 1988 
Π r systems of CS molecule. Once the appropriate wave functions are obtained, the FC factors and r-centroids can be evaluated by performing the integration in equations (1) and (2). The computation of FC factors is made by Bates (1949) Tables 1 to 5 . For comparison, we have also presented the Reddy et al. (2003) values of FC factors for a -X system in Table 1 . The available wavelengths (λ v v ) data are taken from Tewarson et al. (1968) and Bell et al. (1972) for the systems a -X and A -X respectively. Note that we have entered only the available wavelengths from the literature, into the corresponding tables. The molecular constants collected from the compilation of Huber and Herzberg (1979) , are used in the present study. Reddy et al. (2003) reported the partial array of FC factors of a -X system by an approximate analytical integration method of average 'α' Morse constant given by Fraser and Jarmain (1953) , considering the approximation α = (α 1 +α 2 )/2 where α 1 and α 2 are the Morse constants for the two potentials involved in the transition. The two difficulties with the application of formulae provided by Fraser and Jarmain (1953) are: (i) the limited reliability of the results when |(α 1 − α 2 )/(α 1 + α 2 )| = |δα/α| is large, say ≥5%, (ii) the limitation on the extent of a table of overlaps due to the large cancellation originating from the polynomial used in finding the wave functions. For larger |δα/α|, the results are only satisfactory or, at worst, indicative of trends and hence the analytical integration method is not safe (James 1966) .
RESULTS AND DISCUSSION
In general, the fundamental theorem of calculus gives us an exact formula for computing an integral, provided we can find an antiderivative for that integral. This method of evaluating definite integrals is called the analytic method. Since the analytic method is infeasible and unsatisfactory in large number of instances, it is usually good enough to find a numerical solution for the given integral. Even though all the numerical methods are approximations, the truncation error associated with the approximation can be made smaller by making the increments smaller yielding more accurate solution of the integral. In the present study, the increment for the r value is very small, that is 0.01Å, for the integral in Eq. (1). Therefore, we may consider our FC factors calculated by numerical integration method as reliable and more satisfactory than those evaluated by the analytical method followed by Reddy et al. (2003) .
Also, Reddy et al. (2003) have not reported the FC factor values for the bands (5,7), (8,6) and (9,7), likely to be intense, whose FC factors calculated by us are 0.205, 0.219 and 0.223, respectively.
On comparing of present and previously re- (1,9), (1,10), (1,11), (2,2), (3,1), (4,1), (6,0), (7,0), (8,0) and (9,0) are relatively intense. In the case of A -X system, (0,11), (0,12), (1,9), (1,10), (1,11), (1,12), (2,8) and (2,9) bands would be more intense compared to others. The bands (0,1), (0,2), (1,1), (1,2), (2,0), (2,1), (3,0), (4,0), (5,0) and (6,0) of da system should be more intense.
In the case of a -X system, a narrow parabola,
This parabola is shown in It is worth mentioning that in the case of a -X and A -X systems, the r-centroid values are found to increase linearly with the corresponding wavelength following r e > r e and hence the bands are red degraded as expected.
Since the sequence differences of r-centroids for the system d -X, e -X, A -X and d -a are found to be constants amounting to about 0.01Å, we may conclude that the potentials involved in these transitions are not so wide. But, the situation is somewhat different in a -X system in which the sequence difference varies from 0.01 to 0.04Å.
The presence of the intense bands of above mentioned systems in the spectrum will be an excellent diagnostic for the presence of CS molecule in the observed astrophysical source. Even though the CS molecule has been well established in the field of astrophysics, the analysis of these band systems will be of renewed interest in the identification of CS molecules in sunspots, since their possible occurrence in solar photosphere has already been predicted and mentioned (e.g. Singh et al. 1987 , Sinha 1978 , but their identification in sunspots has still not been confirmed by now. Further, the wavelengths of the CS transitions in the UV region are not found in the sources mentioned in the introduction, although CS exists there. So, this is a first step towards the search of UV bands of CS in such sources and the identification of CS molecule in sunspots using the rotational line wavelengths data, which is a proposed work by the authors in due course. 
